Abstract-The increase in the number of renewable energy generating facilities has transformed the electricity distribution network into a Distributed Generation (DG) system. This has given rise to a new monitoring scenario for protective devices already installed across radial distribution networks, which may execute unexpected and inappropriate protective actions that cause loss of supply to consumers. These devices are affected by the new condition of the electricity distribution network, as network currents vary. A common practice is to use electrical impedance-based fault localizers. This work describes a novel method for fault detection in radial networks with DG, which does not require knowing the electrical impedances of the lines that compose the network. The method only requires input data regarding the short circuit currents provided by the main feeder and the DG units in the area in which a fault has occurred. This information is sufficient to allow the area where the fault lies to be identified. The underlying idea is that the measurement of the current at two points provides a binocular view of the fault, thus allowing its location to be pinpointed. The method was tested using the IEEE 13-node test feeder system, locating different types of faults in different areas of a simulated radial network.
I. INTRODUCTION
The spreading of Distributed Generation (DG) in power grids is causing problem as well as the associated benefits [1] . In radial electrical networks that involve Distributed Generation, there are important issues related to protective devices; these are fault location (e.g. distinguishing between faults in the main feeder from those that occur in branches of the system), and the activation of installed protective devices at appropriate positions to ensure the fault's isolation. DG is becoming increasingly common due to the connection of small-to-medium sized photovoltaic, wind and other electricity-generating systems to the grid. The installation of such systems is particularly common in radial networks, such as rural electricity distribution systems.
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Radial electricity distribution systems generally function with loads distributed over power lines. The sections of the electrical feeders of these power lines are usually not homogeneous.
In general, the methods used to estimate the location of faults can be divided into two groups. The first is based on detecting fault-induced high frequency components. This enables the detection of discharges from the low-level breakdown of insulators; the fault direction is determined by filtering the output voltage from stack tuners and comparing the resulting signal levels on each side of a tuned trap circuit unit [2] . These methods are complex and expensive given their need for specially tuned filters.
The second group is based on measuring the voltage and current at the line's end plus the electrical impedances along the line. This allows the distance to the fault to be estimated. Generally, the localization techniques belonging to this group require detailed knowledge of the network (voltage, currents and impedances), and are of limited use in distribution networks that involve DG. The earliest methods of this group use the fundamental frequency voltages and currents at the terminals of a line and the impedances along it; these methods consist in calculating line impedances as seen from the line terminals and estimating the distances of the fault from these terminals [3] . Other methods have also been proposed for radial distribution lines without considering the dynamic nature of the loads [4] or the nonhomogeneity of lines [5] .
Improved methods are available for use on nonhomogeneous lines and for dealing with the dynamic nature of the loads [6] - [9] , but they still require the impedances along the line to be estimated. Furthermore, none contemplate the condition of DG. In [10] a fault location based in Norton equivalent of synchronous generator has been proposed also it requires the impedances to locate the fault. Later work in this area has attempted to include DG, however, the only communication from DGs to the rest of the elements in the distribution system that was taken into account was the connection status of each [11] . The present work highlights the advantages of additionally measuring , Jose Luis Garcia the currents provided by each DG element to the fault. Advances made in the fields of electronics and communications have led to the gradual appearance of protection devices in electrical networks. Over time these new technologies have shown themselves to be reliable under all network operating conditions. Indeed, substations are now becoming automatic and these technologies are being implemented worldwide. They are also having an influence on protection and monitoring systems, in fact becoming part of these systems [12] , [13] , and as such offer new means of locating and protecting against electrical faults.
The architecture of the methods proposed by some authors [14] , [11] uses geographically distributed 'agents' (systems associated with protective devices, or local systems for measuring current or breaker status, etc.) in a number of Intelligent Electronic Devices (IEDs). An IED is here defined as a hardware environment with the necessary computational, communication and other input/output capabilities to allow rapid communication between agents. Agents take sensory input and produce output actions such as breaker trip signals, adjusting transformer tap settings and switching signals in capacitor banks [14] , [11] . Standard IEC 61850 [15] normalises the communication protocols between IEDs [16] , [17] , and establishes the data transmission time (see Fig. 1 ); how long this takes is important. These methods proposed in the literature for localising faults in networks with DG are not completely satisfactory from an operational point of view, because (a) they all require knowledge of line electrical impedances, and (b) locations are based on distance estimates and may fail with DG. The method proposed in this work overcomes these difficulties since its fault localisation system does not require the electrical impedances along the line be known, and locations are performed correctly through the use of DG line currents.
II. ELECTRICAL FAULTS IN RADIAL DISTRIBUTION SYSTEMS
Different types of electrical faults can occur in radial electrical distribution systems. Table I depicts a summary of common electrical faults that can occur in radial electrical distribution systems, along with the likelihood of their occurrence [18] .
When a fault occurs, the value of the short circuit current depends on the fault type (single phase, bi-phase, etc.), and its localisation in the system, since the Thevenin-equivalent impedance varies with the fault location [18] . Conventional methods for studying faults generally simplify the network to a Thevenin-equivalent circuit in the form of a matrix of impedances defined by (1) ,
where V  and I  are n × 1 voltage and current vectors, and Z is an n × n matrix of complex impedances. In its extended form, (1) is written as in (2) 
The voltages and currents of the above matrix can be represented as shown in Fig. 2 . When seen from a node i, the Thévenin-equivalent impedance can be described as (3) ,
Zii is the Thévenin-equivalent impedance seen looking into the distribution network at node i when node i is faulted, Vi and Ii are the voltage and current in node Ii respectively. Impedance Zik is an impedance relating voltage at a given node i to current inject at another node (k ≠ i) [19] .
Once the Thévenin-equivalent impedance as seen from the node where the fault lies is known, the direct sequence impedance Z1, the inverse Z2 and the homopolar Z0 can be calculated [19] . Once these variables are known, the short circuit currents of any kind can be determined. Note, therefore, that these conventional methods require the calculation of the network impedances if the short circuit current is to be calculated.
III. FORMULATION OF THE PROPOSED METHOD
The proposed method of fault location searches for the fault node to node, comparing the short circuit currents provided by the DG and the main feeder to the previously calculated short circuit currents recorded in the off-line situation.
The method is composed by two steps explained in the following subsections A and B, and it was simulated with the IEEE 13-node test feeder system.
A. Off-line Short Circuit Current Computation
The first step in the proposed methodology is the off-line calculation of short circuit currents. For this, the configuration or topology of the network must be known, e.g. the number and location of nodes and line sections, the number and location of the DG units, and the electrical loads across the network.
In the off-line study, two independent studies are performed, as seen in Fig. 3: (a) A load flow analysis is performed to compute the values of the steady-state currents of the Substation (S) and DG units. (b) The short circuit currents injected in the network from each DG unit and the Substation (S) are then studied for the different short circuit types (3Ø, 2Ø-G, 2Ø, 1Ø-G) simulated at each node. These short circuit currents (Icc) are registered in a table for the computations of the next step. 
B. Fault Detection through On-Line Current Measurement
The currents produced by the S and DG to the distribution network are continuously monitored. Under normal operating conditions, the vector sum of the currents of the generation system (S and DG's) should be equal to the currents demanded by the loads. Otherwise, two situations can occur: (a) The system is in overload. In this case, the method proposed waits a certain time to see if the overload disappears, and if not, loads are shed. (b) The other situation is that the system is at fault, when a short circuit occurs, the vector sum of the current of the generation system will be a great deal larger than the currents demanded by the loads. The section containing the fault causing the short circuit then needs to be identified as soon as possible. The method begins the localization sequence in section J = 1 (the first section in the table registered in the off-line situation) taking into account the measured injected currents by generation source (S and DG's). It then compares the real measured short circuit current provided by the source to the fault with that recorded for J = 1 in the off-line study. This process is repeated for each section and each source. The section where the fault lies can then be identified since the value of the measured current (Icc(x)) lies, for all generation sources, between the values of the short circuit currents tabulated in the off-line situation (Icc(i) and Icc(j)) corresponding to the nodes at the extreme of the affected section
where Icc(i) represents the current that S and DG provide to the short circuit in node i, Icc(j) represents the current that S and DG provide to the short circuit in node j, and the short circuit current to locate is represented by Icc(x), x is the location of the fault at the network, previously unknown. This step identifies the section where the fault lies through the generation of matrices with the values of the short circuit currents for all types of fault: 3Ø, 2Ø, 2Ø-G and 1Ø-G, restrictions depicted in (5) to (8): 1. for three-phases short circuit 3Ø
2. for bi-phasic short-circuit 2Ø 
3. for two-phase ground fault 2Ø-G
4. for single-phase ground fault 1Ø-G
where n is the number of nodes of radial distribution network and K is the number of generating sources. The continued flow diagram is depicted in Fig. 4 . In a real situation, the fault is isolated by sending the order to open the breakers nearest to the nodes (ni, nj) at the extremes of the affected section, and if required the switching out of the DG units connected to the zone. Using Fig. 5 as an example, for a fault that occurs in F3 any distribution network, the value of the short circuit current IF(X) which is the sum of the currents supplied by S and DG (IF(X) = Is+IDG) will be between the values of shortcircuit currents of the end nodes (645 and 646) also sum of the intensities contributed by S and DG. The off-line study would register the values of fault currents contributed by S and DG at node 645 (F645) and 646 (F646), when failure occurs, the real-time values of the intensities Is and IDG will find included between tabulated in the offline study (Fig. 3) values and can clearly identify the section of the distribution network that has taken place shortcircuit and properly clear it using the clean command opening end breakers, in this case 645 and 646.
The "binocular view" of a fault's location derives from the fact that there are always at least two points of the system that provide measured injected currents: the Substation and the DG units.
IV. SIMULATION RESULTS
The method was tested using the IEEE 13-node test feeder system [20] . A simulated radial network was divided into different protection zones as shown in Fig. 6 , which shows the distribution network used. The study was performed in the zones 1, 2 and 3, e.g. those with functioning DG units.
The electrical faults (F1,F2,..,F15) simulated to test the method were three phase (3Ø), bi-phase to ground (2Ø-G), bi-phase (2Ø) and single phase to ground (1Ø-G), being 50 the total study cases simulated. All these were simulated using DIgSILENT software (PowerFactory) [21] , as it is shown in Fig.6 . This software has a toolbox specific for studies on the coordination of protection and short circuits in electrical distribution networks. The tested method was programmed using MATLAB [22] . In this study the arc resistance it is not considered, it will be proposed for future works.
The IEEE 13-node network was supplied with a transformer 5 MVA.The voltage was 45/15 kV at node 632. The DG generators contemplated were synchronous generators.The Table II shows the load caracteristic network study, the total load of the system was 3.83 MW. The lenght of the lines is shown in Table III , where topology network was overhead. 
A. Case study: Protection Zone 2
The results presented here are those for protection zone 2, the most complex of the simulated network, and for the 3Ø and 1Ø-G faults (the most severe and the most common respective).
In protection zone 2, the DG unit was installed at node 652 (Fig. 7) . The agent with the running method was installed in the substation at node 632, and monitored the currents provided by the substation (S) and the DG unit. Zone 2 was composed of four nodes (632, 671, 684 and 611) and three line sections. In this scenario, the currents monitored from both sources, and the load demanded were IS = 0.08 kA, IDG = 0.04 kA, and ILOAD = 0.12 kA. DG installed: 1 MW. Table IV showsthe short circuit currents recorded for the 3Ø and Ø-G fault conditions in the off-line study.
In networks with a rigid earth (such as the present), or with an earth via a low impedance, the condition 1-0 ≤ 30 [22] (where 1 is the angle of direct impedance Z1, and 0 is the angle of homopolar impedance Z0) is usually met. Thus, the short circuit current in a Ø-G fault is greater than that in a 3Ø fault, as Table IV shows. Table V shows the value of the currents monitored by the algorithm with the running method when the system is stable, and when 3Ø and Ø-G faults occur in the on-line situation for each of the sections in protection zone 2. Thus, for a fault occurring in protection zone 2, the agent with the running method compares (in real time) the currents supplied by the substation (S in Fig. 6 ) and the DG with the currents supplied by the same elements in the off-line situation in the sections 632-671, 671-684, and 684-611. The isolation of the fault would require the swift ordering of the breakers at the nodes at the ends of the affected section, plus the opening of the corresponding DG breaker, to avoid the latter's isolated functioning.
Thus, in a real situation, any fault to produce different short circuit currents, the proposed methodology, which measures the currents supplied by S and the DG units, would allow the fault to be pinpointed. This would not be possible if only the currents supplied by the main feeder of the grid (S) were measured. The concept is akin to binocular vision: with binocular vision one can calculate distances, whereas with monocular vision one cannot. The situations described by Wan et al. [14] , which they insisted could not be coordinated by existing methods, could be resolved with that proposed.
The present results also show that the method could also be used if the affected sector had more than one DG, as long as the currents from each are measured. Logically, as the number of points of measurement increases, so does the method's reliability, although some calculations are likely to be redundant. The method could be routinely used by electrical companies if they were to install even very small DGs at the end of sections.
The limitation of the method lies in the speed of the communications system; speeds that can cover t1, t2 and t3 (see Section I) are needed if a response to a short circuit is to be made quickly enough. Otherwise, the method proposed is simple, and the required processing time (milliseconds) adds no significant lag to the overall process of detection and reaction; indeed it is quicker than any method based on phase components.
V. CONCLUSIONS
This study proposes a new method for the location of faults in electrical networks involving DG. The method uses the IEEE 13-node test feeder system: a simulated radial network which is divided into different protection zones. The tests are performed in the protection zone 2 because it is the most complex zone, and for the 3Ø and 1Ø-G faults (the most severe and the most common respectively).
The tested method is programmed using MATLAB and this algorithm locate the faults sections correctly, both in the 3Ø and 1Ø-G faults. The fault section is located in function of the values of the currents injected by the S and the DG. For instance, in the case of 3Ø fault, IS = 0.993 kA and IDG = 0.457 kA indicated that the fault section was 684-611 and commanded the breakers 684-611 to open and the DG 652 to disconnect (Table V) .
The method used requires no knowledge of the impedances along power lines for the fault to be detected for the affected section to be isolated, or for the DG in the protection zone to be switched out. All that is required is that the topology of the network be known. It only requires that at least one DG unit be functioning within the sector where the fault lies (if all were off-line then conventional methods of fault location would be required), and a communications network in place that is fast enough to allow good coordination between protection devices (a limitation common to all protection coordination systems that use communications networks). To be functional, however, it does require an adequate communication system connected to the installed protection devices on lines and in substation transformers. Determining the currents supplied to the fault by the main feeder of the grid and DG units provides a "binocular view" of a fault's location.
Finally, future researches to continue the present work, may include several values of the arc resistance in the Binocular Method to locate single faults.
